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ABSTRACT
A worldwide collection of 112 isolates of Fusarium 
oxysporum f . sp. lycopersici (FPL) from tomato was examined 
for pathogenicity, colony morphology, vegetative 
compatibility, and isozyme polymorphism. There were no 
correlations among colony morphology with age of culture, 
race, vegetative compatibility group (VCG), or geographic 
origin. Vegetative compatibility group 0030 contained all 
three races of FPL from throughout the world and all colony 
morphology types. Vegetative compatibility groups 0031 and 
0032 contained races 1 and 2, but their geographic ranges 
were somewhat more limited. In addition, 50 isolates of FPL 
were the sole members of their own VCGs. Thus, there was no 
correlation between VCG and pathotype. Following isozyme 
analysis, all isolates of FPL and several other formae 
spéciales were assigned to 35 electrophoretic phenotypes 
(EP). In that many EPs contained more than one race of FPL 
as well as other formae spéciales, no clustering of isolates 
by race was observed. However, clustering of isolates by 
VCG was obvious. Vegetative compatibility groups 0030 and 
0032 were clustered together on a major branch of the 
dendrogram while VCG 0031 appeared on a different branch.
In addition, principal component analysis offered 
information regarding the relative position of each isolate 
with respect to all isolates examined. It was found that 
the majority of isolates in VCG 0030 were enclosed in the
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
largest cluster, the cluster containing VCG 0032 fell 
entirely within the former, and the cluster containing VCG 
0031 was shifted slightly away from VCG 0030. The majority 
of the remaining EPs contained single members, were in their 
own VCGS, and were scattered within other VCG clusters.
A collection of 317 nonpathogenic isolates of F. 
oxysporum from symptomless tomato roots was examined for 
vegetative compatibility. One hundred and eighty six 
isolates were assigned to 48 VCGs containing two to 15 
members from one to three different collection sites. There 
were 131 isolates that were single members of their own 
VCGs. Thus, the composition of the nonpathogenic population 
of oxysporum isolated from symptomless tomato roots is 
quite diverse.
v i
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Chapter I. VEGETATIVE COMPATIBILITY GROUPS (HETEROKARYONS) 
^  FUSARIUM OXYSPORUM SP^ LYCOPERSICI
Introduction
Fusarium wilt of tomato (Lycopersicon esculentum 
Mill.), caused by the vascular wilt pathogen Fusarium 
oxysporum (Schlect.) f. sp. lycopersici (Sacc.) Snyder and 
Hansen (FPL) (35), is a devastating disease which occurs 
throughout major tomato growing regions in the USA and the 
world (3). There are three known races of FPL that are 
distinguished by their pathogenicity to cultivars with 
specific dominant resistance genes (21). Race 1 was 
initially described in 1886 (5). Race 2 was first reported 
in 1945 in Ohio (1); however, crop loss did not become 
economically important until 1961 in Florida (31). Race 3 
was first reported in Australia in 1978 (15), then in 
Florida in 1982 (34), and finally in California in 1987 
(11) .
The genetics of resistance to races 1, 2 and 3 of FPL 
is well understood, and, at the present time, commercially 
acceptable tomato cultivars resistant to races 1 and 2 offer 
the best means of control (32). Tomato cultivars with 
resistance to race 3 have not yet been released (21). It 
seems that with the appearance of each new race of FPL, 
development of resistant cultivars becomes increasingly more 
difficult. In addition, we have no way of estimating the 
probability or time frame required for new races to develop.
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Furthermore, it seems that the frequency with which new 
races appear, and become economically important pathogens, 
is accelerating; however, this may be attributed to greater 
vigilance by plant pathologists.
Very little is known regarding the mechanisms involved 
in the development of races in POL or imperfect fungi in 
general. New races could develop through parasexual 
recombination within or between preexisting races of FOL, 
other formae spéciales, the nonpathogenic population of F. 
oxysporum, or any combination of these. The genetic pool 
from which new races might emerge would be very different 
for each of these possible progenitors. In addition, 
spontaneous random mutations that may be selected by the 
host could influence race development. In order to study 
this process, it would be useful to have a genetic marker 
that is stable, passed on with few alterations through 
paraSexual recombination, and already present in natural 
populations of F. oxysporum. Such a marker would allow us 
to assess the relatedness or genetic diversity within and 
among existing races of FOL without resorting to 
mutagenesis, information derived from a comprehensive 
survey based on this marker would then be useful in 
inferring the sequence of events which took place in the 
development of existing races of FO L . It may then be 
possible to predict the appearance of new races before the 
onset of an epidemic.
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Vegetative compatibility (heterokaryosis), the genetic 
basis of which has been well studied in several ascomycetous 
fungi (2,25,29), could serve as a stable genetic marker. In 
1983, Puhalla and Spieth (29) demonstrated that there are 
eight nuclear vegetative incompatibility (vie) gene loci 
that govern vegetative compatibility in F. moniliforme, a 
species that has a sexual cycle. Those fungal strains that 
are vegetatively compatible must have identical alleles at 
all vie loci, and, more importantly, have the potential to 
exchange genetic material through parasexual recombination. 
In the case of F. oxysporum, an imperfect fungus, the number 
of vie loci has not been determined. However, assuming that 
there are eight vie loci in F . oxysporum, as in F. 
moniliforme, there would be 2 , or 256, possible genotypes 
and VCGs. Thus, these vegetatively compatible fungal 
strains may be considered to be members of unique vegetative 
compatibility groups (VCG) and part of a clonal inbreeding 
population genetically isolated from strains in other VCGs. 
Conversely, those strains that do not have identical alleles 
at all vie loci are vegetatively incompatible, cannot 
exchange genetic material, have different ancestral 
progenitors, and are therefore genetically distant or 
dissimilar.
In the past, studies of heterokaryosis involved 
laborious and time consuming microscopic observation of 
anastomosis or the use of auxotrophic mutants that are
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difficult to recover. Thus, large populations could not be 
screened, and very little progress was made in the area of 
population genetics of asexual fungi. However, in 1985 
Puhalla introduced a technique by which he was able to 
select naturally occurring nitrogen metabolism (nit) 
mutants of F. oxysporum with no mutagen treatment (28). He 
obtained two uncharacterized nit mutant phenotypes and used 
them as markers for heterokaryon formation between 
vegetatively compatible complementary nit phenotypes.
Growth of heterokaryons was then observed macroscopically. 
Using this technique Puhalla (28) proposed an evolutionary 
model for the origin of formae spéciales and races based on 
the results from 21 isolates representing 12 formae 
spéciales of F. oxysporum. He proposed that, when the sexual 
stage and meiotic recombination in F. oxysporum were lost, 
gene loci that determine vegetative compatibility and 
pathogenicity became fixed in the same thallus. In this way 
distinct VCGs with specific virulence genes that were 
genetically isolated arose in asexual inbreeding 
populations. He concluded by stating that confirmation of 
this model requires much more extensive analysis.
While Puhalla's procedural advance allowed him to 
conduct a limited population genetics study (28), there were 
numerous unexplainable results in his system that would 
hamper a more thorough investigation. Correll et al. (7) in 
1987 refined the system by describing physiological tests
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for selecting nit mutants of known phenotype that are 
deficient in specific regulatory and structural genes. This 
system assured that complementary strains were being paired 
so that false negatives could be eliminated. Specific 
details of this procedure will be described under Materials 
and Methods.
Several investigators have utilized nit mutants for a 
VCG analysis of the following formae spéciales: apii (8), 
asparagi (14), conglutinans (6), cubense (26), melonis (16), 
and vasinfectum (17). Their objectives were to 1) develop 
a more rapid race identification technique (8,14,16,17,26);
2) differentiate pathogens from nonpathogens (8,14,17); or
3) estimate the diversity within a fungal population 
(6,14,16,17). In so doing, they also tested the validity of 
Puhalla's evolutionary model. While the majority of these 
studies (6,8,16,17) provided support to this model, a strong 
correlation between VCG and pathotype was not the case with 
all formae (12,13,14,26).
The objective of this study was to utilize nit mutant 
VCG analysis to test Puhalla's evolutionary model and, in so 
doing, gain a better understanding of the origin of races 
within Fusarium oxysporum f . sp. lycopersici. Preliminary 
reports have been published (12,13).
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Materials and Methods
Fungal strains. One hundred and nine isolates reported to 
be FOL were received from diverse locations (Table 1). 
Isolates were received as actively growing cultures on agar 
slants or plates, as lyophilized samples, or on dried filter 
paper. Isolates were single-spored onto potato dextrose 
agar (PDA) slants and then stored on silica gel at 4 C (24), 
Six isolates of FOL were collected from diseased plants from 
various infested tomato fields within Louisiana. Segments 
of stem or taproot showing obvious vascular discoloration 
were surface-sterilized by dipping in 70% ethanol for 5 
seconds then flamed. The tissue was plated on Komada's 
medium (18) and incubated for 5-10 days at room temperature, 
uniform colonies of F. oxysporum grew out of all diseased 
tissue, and one colony was selected from each plate, single- 
spored, and stored on silica gel.
Pathogenicity tests. To confirm the forma specialis and 
race identity of all putative FOL strains, greenhouse 
pathogenicity tests were performed using the appropriate 
differential tomato cultivars: Fantastic (susceptible to
races 1, 2 and 3); Supersonic (resistant to race 1); and 
Walter (resistant to races 1 and 2). Fungal strains were 
grown in Czapek's solution (33) (See Appendix 1) for 5 days 
on an orbital shaker at room temperature. The culture was 
then filtered through cheesecloth to obtain a spore 
suspension containing about 1 X 10® spores per ml.
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Seedlings were grown in sterile peat moss potting soil mix 
for 10 days until the first true leaf began to emerge. The 
root dip method of inoculation was utilized (36) as 
described below. Seedlings were shaken to remove excess 
soil and to prune roots. Six seedlings per cultivar were 
dipped into the inoculum for 30 seconds and then 
transplanted to plastic cell trays containing a sterile 1:1 
sand:soil mix with one seedling per cell. Seedlings with 
pruned roots dipped in sterile Czapek's solution or inoculum 
of a known virulent isolate were planted as negative and 
positive controls, respectively. Disease symptoms 
progressed from wilting to chlorosis, necrosis and finally 
death of the seedlings within 10-14 days after inoculation. 
The susceptibility of tomato cultivars to a particular 
isolate of FOL was recorded after 14 days. Pathogenicity 
tests were conducted at least twice for each strain of FOL. 
Colony morphology. All isolates were grown on acidified PDA 
under 12 hours light at 25C and 12 hours dark at 20C for 10 
days as suggested by Nelson et al. (22). Isolates were then 
grouped according to similarity in colony color and type. 
Selection, characterization and pairing of nit mutants. To 
delineate vegetative compatibility groups in FOL, genetic 
complementation of nitrogen metabolism (n it) mutants was 
employed using a three-step procedure, in the first step, 
nit mutants were selected by the method of Puhalla (28). 
Briefly, 3 to 4-day-old colonies were transferred from a
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minimal salts medium (MM) (See Appendix 2) to potato sucrose 
agar (KPS) (See Appendix 3) containing 1.5% KClOg. Wild- 
type cells take up chlorate ion, an analog of nitrate, and 
convert it through the nitrate reductase pathway to chlorite 
which is toxic. Thus, only mutant cells that cannot 
metabolize nitrate emerge from restricted colonies as fast- 
growing sectors within 10-14 days. These nit mutants 
produce very thin expansive growth on MM which contains 
nitrate as the sole nitrogen source.
The phenotype of all nit mutants generated from a 
single isolate was determined by the method outlined by 
Correll et al. (7). Briefly, nit mutants and the wild-type 
parent were transferred to MM containing either nitrate, 
nitrite, hypoxanthine, ammonium, or uric acid (See Appendix 
2). The plates were incubated at room temperature, and 
colony growth was scored relative to the wild-type parent 
after 4 days. Assignment of nit mutants to biochemical 
phenotypes was done in accordance with the nitrogen 
metabolism pathway in fungi which is well understood 
(9,10,20). Three complementary nitM and nitl mutants (7) 
were saved from each isolate and stored on silica gel at 4 
C. Strains of phenotypic mutants nitl and nitM of 115 
isolates of FOL were then paired in all possible 
combinations on petri plates containing MM. The plates were 
incubated at room temperature under fluorescent room light 
and scored for vegetative compatibility 5-7 days later.
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Complementary or vegetatively compatible strains were 
recognized by the robust growth at the interface of the two 
colonies (Figure 1). All pairings were conducted at least 
twice.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
10
Figure 1. Robust growth of a heterokaryon between two 
vegetatively compatible, complementary nitrogen metabolism 
nit mutants at right of center. There is no heterokaryon 
formation between nit mutants at upper and lower left.
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Results
Pathogenicity tests. Race determination was straightforward 
in that all or none of the seedlings of a particular 
cultivar died within 10-14 days after inoculation. In all 
cases in which donated strains of FOL were received with a 
race designation, the race identity was confirmed in the 
pathogenicity tests. In summary, 67, 42, and 6 strains were 
determined to be races 1, 2 and 3, respectively (Tables 1 
and 2).
Colony morphology. There were no correlations among colony 
morphology with age of culture, race, VCG, or geographic 
origin. Sixty two isolates produced orange colonies.
Within this group 50 had fluffy wild-type growth while 12 
were characterized by appressed growth. Fourty eight 
isolates produced purple and orange colonies with 21 and 27 
of these showing fluffy and appressed growth, respectively. 
Three isolates produced purple and white colonies all of 
which had fluffy growth. Finally, one isolate (IK-6) 
produced white fluffy growth. Rings of alternating colony 
color and aerial growth were observed probably because of 
the alternating light and dark regime.
Selection, characterization and pairing of nit mutants, one 
to 28 nit mutants were obtained from each isolate of FOL. 
Although sectoring frequency per isolate was not recorded, 
there were great differences in both the number and 
phenotype ratio of nit mutants recovered. Sectoring
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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frequency of F onlllforme on chlorate has been shown to be 
heritable and to vary with the isolate (7).
All isolates of FOL were assigned to VCGs (Tables 1 and 
2). Fifty three isolates were assigned to VCG 0030.
Included in this group were all three races of FOL, isolates 
from major tomato growing regions in the USA and elsewhere, 
and all colony morphology types. Vegetative compatibility 
group 0031 contained eight isolates, including races 1 and 
2, and is geographically limited to the USA. Vegetative 
compatibility group 0032, with four members, included races 
1 and 2 and is geographically limited to Louisiana. In 
addition, there were 50 isolates of FOL that were the sole 
members of their own VCGs (VCG 003-). Isolates within a VCG 
were not vegetatively compatible with isolates from other 
VCGs. In addition, no self-incompatibility was observed 
between complementary nit mutants recovered from a single 
isolate of FOL.
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Table 1. Strains of Fusarium oxysporum f. sp. lycopersici 
used in the present study and designated by race, source, 
electrophoretic phenotype, origin, and vegetative 
compatibility group.
Strain
~  Electrophoretic
Race Source phenotype^ Origin
VCG 0030
LSU-3 1 a 2 Plaquemines Parish, LA
LSU-5 1 a 2 Plaquemines Parish, LA
LSU-6 1 a 1 Plaquemines Parish, LA
FDA-2/FTCC855 2 b ND Florida
FRC-1078 2 c 1 FLorida
FRC-1079 2 c 1 Florida
A-22068 1 d 2 Australia
A-18947 2 d 1 Australia
A-19156 2 d 1 Australia
A-21990 3 d 1 Australia
A-21991 3 d 1 Australia
OSU-409 1 e 1 Ohio
OSU-460 2 e 1 Ohio
UM-1 1 f 1 California
FOL-37 1 g ND Michigan
HMS-2 1 h 3 California
HMS-3 1 h 1 California
HMS-6 2 h 1 California
NK-1 2 i 1 Florida
NK-2 2 i 1 Florida
NK-3 2 1 1 Florida
NK-4 2 i 1 Florida
JBF-4 2 j 1 Florida
JBF-5 2 j 1 Florida
JBF-6 3 j 1 Florida
JBF-7 3 j 1 Florida
BFOL-53 2 k 8 Louisiana
BFOL-65 2 k 8 Louisiana
PS-5 3 1 1 Yolo County, California
IK-1 1 m 2 Israel
IK-2 1 tn 7 Israel
IK-3 2 m 2 Israel
IK-4 1 m 6 Israel
IK-5 1 m 1 Israel
IK-7 1 m 1 Israel
MA-1 1 n 1 Morocco
MA-2 1 n 3 Morocco
MA-3 1 n 4 Morocco
MA-4 1 n 3 Morocco
MA-5 1 n 5 Morocco
MA-6 1 n 2 Morocco
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Table 1. (cont.) Strains of Fusarium oxysporum f. sp. 
lycopersici used in the present study and designated by 
race, source, electrophoretic phenotype, origin, and 
vegetative compatibility group.
Strain Race* Source*
Electrophoretic 
phenotype^ Origin
MA-7 1 n 1 Morocco
MA-8 1 n 2 Morocco
MA-9 1 n 3 Morocco
MA-10 1 n 5 Morocco
FA-4 2 n 2 Tunisia
FA-7 2 n 1 France
FA-8 2 n 1 France
FA-9 1 n 1 France
FA-11 2 n 5 France
FA-13 2 n 1 France
I A-7 1 n 5 Italy
IA-11 1 n 1 Italy
VCG 0031
BFOL-51 1 k 13 Opelousus, Louisiana
OSU-451 2 e 10 Ohio
HMS-4 2 h 9 California
HMS-5 2 h 9 California
PS-2 2 1 10 California
PS-3 2 1 12 California
UCD-2 2 o 11 California
CIC-2 2 P 13 California
VCG 0032
LSU-2 2 a 3 Plaquemines Parish, LA
LSU-4 1 a 2 Plaquemines Parish, LA
LSU-7 2 a 1 Plaquemines Parish, LA
BFOL-70 2 k 8 Plaquemines Parish, LA
VCG 003-
PS-1 1 1 1 California
PS-4 2 1 1 California
CIC-1 1 P 1 California
JBF-1 1 j 1 Florida
JBF-2 1 j 1 Florida
JBF-3 1 j 1 Florida
FDA-1/FTCC854 1 b 14 Florida
FDA-3/FTCC979 b 15 Florida
FRC-1081 1 c 1 Florida
FRC-1082 1 c 1 Florida
UCD-1 1 o 32 California
OSU-415 1 e 1 Ohio
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Table 1. (Cont.) Strains of Fusarium oxysporum f. sp. 
lycoperslci used in the present study and designated by 
race, source, electrophoretic phenotype, origin, and 
vegetative compatibility group.
Strain
w
Race* Source*
Electrophoretic
phenotype^ Origin
OSU-416 2 e 1 Ohio
FOL-84-1590 1 g 1 Michigan
FO-14 1 q 34 Michigan
T-1 1 r 1 Taiwan
FOL-R5-6 1 9 1 Wisconsin
HMS-1 1 h 5 California
FIE 1 s 30 Beltsville, Maryland
F22 s 3 Bradenton, Florida
F23 s 10 Salisbury, Maryland
F34 1 s 10 Beltsville, Maryland
F37 s 31 Beltsville, Maryland
BFOL-54 1 k 27 Crowley, Louisiana
BFOL-56 1 k 8 Arkansas
BFOL-57 k 5 Arkansas
BFOL-63 1 k 28 Opelousus, Louisiana
BFOL-64 k ND Baton Rouge, Louisiana
BFOL-67 1 k 23 Baton Rouge, Louisiana
BFOL-69 1 k 28 St. Bernard Parish, LA
BFOL-7 5 k 8 St. Bernard Parish, LA
PHW-554 1 t 2 Wisconsin
PHW-555 t 30 Wisconsin
IK-6 1 m 29 Israel
FA-3 1 n 20 France
FA-5 1 n 19 France
FA-6 1 n 19 France
FA-10 1 n 21 France
FA-12 1 n 22 France
FA-14 1 n 1 Senegal
IA-1 1 n 16 Italy
I A- 2 1 n 17 Italy
I A-3 1 n 18 Italy
IA-4 1 n 1 Italy
IA-5 1 n 14 Italy
IA-6 1 n 2 Italy
I A-8 1 n 25 Italy
I A-9 2 n 2 Italy
IA-10 2 n 26 Italy
IA-12 1 n 4 Italy
Other f. spp.
FA-1 - n 
(radicis-lycopersici)
1 France
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Table 1. (Cont.) Strains of Fusarium oxysporum f. sp. 
lycopersici used in the present study and designated by 
race, source, electrophoretic phenotype, origin, and 
vegetative compatibility group.
~ E l e c t r o p h o r e t i c  
Strain Race Source phenotype^ Origin
FA-2 - n 
(radicis-lycopersici)
1 France
TAM-2
(cucumerinum)
u 35 Texas
TAM-3
(vasinfectum)
u 33 Texas
TAM-4
(niveum)
u 1 Texas
CSU-1
(dianthi)
V 2 Colorado
FOA-2
(asparagi)
q 24 Michigan
Race of strains determined with the appropriate tomato 
differential cultivars, 'Walter' resistant to races 1 and 
2, 'Supersonic' resistant to race 1, 'Fantastic' no 
resistance.
a = author (KSE); b = C. Schoulties; c= Fusarium Research 
Center, Pennsylvania State University, University Park; d = 
R. G. O'Brien; e = R. Rowe; f = C. Windels; g = T. Isakeit; 
h = K. Kimble; i = R. Volin; j = J.P. Jones; k = L. Black; 1 
= J. Watterson; m = T. Katan; n = C. Alabouvette; o = R. G. 
Grogan; p = H. Bolkan; q = W. Elmer; r = S.K. Sun; s = T.H. 
^arksdale; t = P. Bosland; u = R. Martyn; v = R. Baker. 
^Electrophoretic phenotypes represent a composite of all 
enzymes scored (see Chapter 2).
Vegetative compatibility groups are numbered according to 
Puhalla (28). VCG 003- is an artificial group containing 
isolates that are single members of their own VCG.
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Table 2. Categorization of Fusarium oxysporum f. sp. 
lycopersici by vegetative compatibility groups (VCG).
VCG^ Race^
Number of 
Isolates Origin
0030 1 27 LA,OH,CA,MI,Aust.,France, 
Israel,Italy,Morocco
2 21 LA,FL,OH,CA,Aust.,France, 
Israel,Tunisia
3 5 CA,FL,Aust.
0031 1 1 LA
2 7 CA,OH
0032 1 1 LA
2 3 LA
003- 1 38 AK,CA,FL,LA,MD,MI,OH,WI, 
France,Israel,Italy,Senegal, 
Taiwan
2 11 AK,CA,FL,LA,MD,OH,WI,Italy
3
Total
1
115
FL
^Vegetative compatibility groups are numbered according to 
Puhalla (28). VCG 003- is an artificial group containing 
^isolates that are single members of their own VCG.
Race of strains determined with the appropriate tomato 
differential cultivars. 'Walter' resistant to races 1 and 
2, 'Supersonic' resistant to race 1, 'Fantastic' no 
resistance.
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Discussion
At the present time, resistant tomato cultivars offer 
the best means to control F. oxysporum f . sp. lycopersici. 
However, given that we know little about the probability or 
time frame required for new races to develop, and that the 
development of cultivars resistant to all three races 
becomes increasingly more difficult with the appearance of 
each new race, it is obvious that we must learn more about 
the mechanisms involved in the development of new races, and 
we must identify that portion of the resident population of 
F. oxysporum that contributes to this phenomenon. Only then 
will it be possible to predict the occurrence of new races 
of FOL and develop resistance screening methods before the 
onset of an epidemic.
In many fungal systems (8,23), colony morphology 
characteristics have offered valuable taxonomic information. 
However, culture-induced variation in colony morphology is a 
well documented phenomenon in Fusarium spp. (4,5,22). We 
have very little information regarding the age or method of 
storage employed for the majority of cultures donated by 
other investigators. Thus, the variation observed among 
isolates of FOL in this study was of little value as a 
genetic marker.
Inasmuch as F. oxysporum is an imperfect fungus, it is 
possible that parasexual recombination may play a role in 
the development of races. In addition, spontaneous random
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mutations that are selected by the host could influence race 
development. It would be fortuitous to have a genetic 
marker that is stable, passed on through parasexual 
recombination, and already present in natural populations of 
F. oxysporum. In the past, auxotrophic (30) and pigmented 
mutants (27) were used as genetic markers to study 
heterokaryosis and parasexual recombination within F. 
oxysporum. However, it is important to note that UV 
mutagenesis, which can cause major genetic changes, was used 
to generate these mutants. In 1981 MacNeil and Chilton (19) 
utilized antibiotic resistant mutants of FOL races 1 and 2 
to demonstrate parasexual recombination. Even though 
recombinants were not stable, probably because of the use of 
forced heterokaryons, this report (19) satisfactorily 
demonstrated parasexual recombination in FOL. Then, in 
1985, Puhalla introduced nit mutants, macroscopic 
observation of heterokaryosis or vegetative compatibility, 
and an evolutionary model correlating VCG and pathotype 
(28). With this base of information and with the plethora 
of knowledge available regarding genetic control of 
vegetative compatibility in fungi (2,25,29), it became' 
evident that vegetative compatibility could be utilized as a 
genetic marker to assess the relatedness or genetic 
diversity within and among existing races of FOL, and, in so 
doing, gain insight into the origin of races within FOL.
Even though the origin of formae spéciales and races within
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F. oxysporum has been of great interest for many years, 
little has been achieved because the neccessary tools were 
not available. Thus, it should be emphasized that with the 
introduction of nit mutants for VCG analysis in 1985 (28), 
and with further clarification of nit phenotypes in 1987 
(7), it became possible for the first time to adequately 
address these questions.
Several investigators have used the nit mutant VCG 
analysis technique in an effort to differentiate races, 
formae spéciales, pathogenic from nonpathogenic populations, 
and to estimate diversity within populations of F. 
oxysporum. In so doing, they may have indirectly but 
inadequately tested the validity of Puhalla's evolutionary 
model. Correll et al. (8) consistently found absolute 
correlation between race and VCG in F. oxysporum f. sp. 
apii. Bosland and Williams (6), Jacobson and Gordon (16), 
and Katan and Katan (17) had similar results with F. 
oxysporum f . sp. conglutinans, melonis and vasinfectum, 
respectively. These findings all support Puhalla's 
evolutionary model (28); however, the fungal collections 
used in each of these studies were limited in either size, 
geographic distribution, or phenotypic identity. In 
addition, a VCG analysis of F. oxysporum f. sp. cubense by 
Ploetz and Correll (26) offered no support for or against 
Puhalla's model inasmuch as race designations were not 
determined for the majority of the isolates included in
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their investigation. Elmer and Stephens (14) presented an 
interesting VCG analysis of F. oxysporum f. sp. asparagi. 
However, because of a lack of a clear definition of 
pathogenicity or a form species concept in this host, few 
conclusions were drawn.
In this study there was no correlation between VCG and 
pathotype. Vegetative compatibility group 0030 contained 
all 3 races of FOL from throughout the world. Vegetative 
compatibility groups 0031 and 0032 both contained races 1 
and 2, but their geographic ranges were somewhat more 
limited. The occurrence of all three races from diverse 
locations (Australia, Florida, and California) in the same 
VCG, which is contrary to Puhalla's model, indicates that 
the three determinants of pathogenicity responsible for race 
differentiation exist within the same clonal population. 
Thus, the genetic potential for development of new races can 
be confined to a common VCG and does not depend on exotic 
virulence genes being introduced into and fixed within the 
population. This implies that new races can arise 
independently at different locations rather than at a center 
of origin followed by long distance dispersal. There may be 
more than three races extant, but we can detect only those 
for which specific resistance genes have been incorporated 
into the host. Such a mechanism for race development and 
dispersal assumes that parasexual recombination occurs in 
nature, evidence of which cannot be obtained by VCG
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analysis. While others have shown that the parasexual cycle 
is operative in F. oxysporum (19), the conditions under 
which the phenomenon was demonstrated were highly contrived, 
and the existence of VCGs in this fungus was not known at 
the time so that the heterokaryons and recombinants may have 
been unstable. The means by which pathogenic variants 
arise, e.g. mutation and selection, could not be determined 
in this study.
Such a scenario provides a plausible explanation for 
the apparent rapid "spread" of new races on a global basis, 
particularly race 2 which is now present in virtually all 
tomato production areas. The fungal genome, of which 
pathogenicity is a small part, is already widespread, and 
any new pathogenic variant that has a competitive advantage 
could readily be incorporated into the population via 
heterokaryosis and parasexual recombination. This would 
preclude the need for an introduced strain having to compete 
for niches with the already established population.
The large number of single-member VCGs (VCG 003-) is 
perplexing. They may have been members of major VCGs that 
underwent a simple mutation at one or more of the vie loci 
such that they can no longer form heterokaryons with the 
other members.
The VCG analysis of FOL described in this study is the 
first exception to Puhalla's evolutionary model. These 
results are particularly noteworthy because of the large
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size of the collection (115 isolates), the global 
distribution of its members, rather than a concentrated 
collection from few locations, and the well characterized 
gene loci responsible for resistance in the host and 
vegetative compatibility in the fungus.
Puhalla's evolutionary model and the discovery and 
elucidation of VCGs in F. oxysporum were essential to the 
qualitative analysis of the development of races within F O L . 
However, the VCG analysis reported here shows that there are 
major deviations from the model that cannot be tested in 
this manner. In that vegetative compatibility is 
conditioned by relatively few genes in Fusarium, more 
conclusive evidence for these genetic models would involve a 
characterization of other portions of the genome which may 
be polymorphic. Isozyme analysis of these strains, the 
results of which are presented in Chapter 2, was used in an 
attempt to quantify these relationships.
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Chapter II. GENETIC DIVERSITY WITHIN AND AMONG RACES AND 
VEGETATIVE COMPATIBILITY GROUPS OF FUSARIUM OXYSPORUM SP. 
LYCOPERSICI ^  DETERMINED BY ISOZYME ANALYSIS
Introduction
As described in Chapter 1, it was not until 1985, when 
Puhalla (23) introduced the use of nitrogen metabolism (n i t ) 
mutants and macroscopic observation of heterokaryosis or 
vegetative compatibility, that it became possible to assess 
genetic diversity within and among formae spéciales of 
Fusarium oxysporum. These procedural advances also led to 
the proposition of an evolutionary model correlating VCG and 
pathotype. Information derived from a comprehensive survey 
based on this marker was used in inferring the sequence of 
events that took place in the development of existing races 
of F. oxysporum f. sp. lycopersici (FOL). A detailed 
description of the assumptions and implications of 
vegetative compatibility was presented in Chapter 1.
Nitrogen metabolism mutants have been utilized in 
vegetative compatibility group (VCG) analyses of several 
formae spéciales of F, oxysporum (3,5,7,13,14,22).
However, while previous investigators utilized this 
technique as a taxonomic aid to differentiate formae 
spéciales, races, or pathogens from nonpathogens (3,5,7,13, 
14,22), this study (Chapter 1) assessed the genetic 
diversity within and among existing races and VCGs of FO L . 
There was no correlation between VCG and pathotype.
29
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Vegetative compatibility group 0030 contained all 3 races of 
FOL from throughout the world. Vegetative compatibility 
groups 0031 and 0032 contained races 1 and 2 , but their 
geographic ranges were somewhat more limited. It was 
hypothesized that ancestral progenitors of VCGs arose, were 
dispersed, and then similar selection pressures brought 
about the development of races.
Vegetative compatibility analysis with nit mutants has 
been a useful technique for descriptive qualitative analyses 
of the development of races within F O L . However, the 
conclusions stated here and in Chapter 1 leave many 
questions unanswered. If all strains, including races 1, 2, 
and 3 within VCG 0030, are clonal derivatives of a single 
ancestral progenitor and part of an inbreeding population 
that is genetically isolated from other VCGs, then members 
of this VCG should be genetically similar, if not identical. 
If these genetically isolated populations do in fact exist, 
the genetic similarity of isolates within a VCG should be 
greater than that of isolates among VCGs. If the selection 
pressures exerted by the host are similar, i.e. a perpetual 
genetic bottleneck (21), then the fungal genome should be 
fixed over time, and the genetic similarity of isolates 
within VCGs would be high. If mutations in vie loci have 
been fairly recent, few changes would have accumulated among 
isolates in different VCGs and genetic similarity among VCGs 
should be relatively high.
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The use of VCG analysis in population genetics has its 
limitations. Formation of a heterokaryon presumably 
requires allelic homogeneity at relatively few loci, while 
vegetative incompatibility may be caused by heterogeneity at 
only one locus. While segregation of FOL into VCGs cannot 
be used to infer phylogenetic relationships, such an 
analysis provides natural infraspecific groups which can 
then be used to test the previously described phylogenetic 
and evolutionary models by other means.
Isozyme analysis of genetically conserved enzymes can 
be used to quantitatively assess genetic diversity within 
and among populations. Briefly, enzymes that are coded by 
different alleles or gene loci frequently possess different 
electrophoretic mobilities. Such differences are caused 
primarily by variations in the amino acid sequence of the 
molecule, which in turn is dependent upon the sequence of 
nucleotides in the nuclear and mitochondrial DNA.
Differences in electrophoretic mobility of enzymes have been 
used in population genetic studies of many animals and 
plants (8,17,25). In the early 1960s several investigators 
attempted to differentiate formae spéciales and species of 
Fusarium (10,18) with little success. Then, with the 
development of numerical taxonomic techniques (29) in 1963 
and Nei's introduction of genetic identity (I) and distance 
(D) in 1972 (20), it became possible to quantitatively 
estimate those traits within and among populations with
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isozyme electrophoretic mobility data.
The objective of this study was to utilize isozyme 
polymorphisms to estimate genetic diversity among different 
races and VCGs of FOL, and, in so doing, gain a better 
understanding of their origin. A preliminary report has 
been published (6).
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Materials and Mettods
Fungal strains. 1%ie isolates used for isozyme analysis are 
described in ChajDter 1 •(Table 1;).. .Seven isolates of F. 
oxysporum that represent other forjmae special®,s were 
included to serve as an out group ((Table 1);.,
Tissue preparation. Fungal str.aline were grown in three 250 
ml Erlenmeyer flasks containing 3 00 ml each o.f potato 
dextrose broth '(.PDB) for 5 days on an orbital shaker at room 
temperature. All three flasks per strain were vacuum 
filtered througli Whatman 'No. 1 filter paper,, scraped off the 
filter into a flask containing 3.0% ml sterile distilled 
water, and then wacuum fi'lt®re,d throngh fjlifcer paper again. 
The mycelium was scraped off the filter paper into a petri 
dish, which was taped closed, fr.o,2ejri overmigbt,, lyophilized 
the next day, and finally stored at -70 C until used.
Protein extraction. Fungal mycelium was remmved from the 
freezer and gromid dry to a fine ipowder with a mortar and 
pestle immersed in ice to maintain © C. Then ©.3 gm of the 
mycelial powder .and 2.25 ml of ©.:05H T.ris-BCO. i(pH 7.1) were 
mixed in a small centrifuge tube and Incubated for 15 
minutes on ice. The samples were .centrifuged for 27 minutes 
at 18,000 rpm at 4 C. The supernatant was ■withdrawn from 
the tube with a Pasteur plpst without disturbing the lipid 
layer at the top .or the pellet at the bottom.. The protein 
extract was dispensed into microfuge tubes in lOOul aliquots 
and stored at -70 C. Enough protein extract was prepared
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for 10 electrophoretic runs. Extra mycelial powder was 
stored in small vials at -70 C.
Electrophoresis. Protein extracts were allowed to thaw 
before lOul aliquots were absorbed onto filter paper wicks 
(Whatman No. 3). The wicks were loaded onto a 15cm by 20cm 
horizontal potato starch gel (12% w/v), and the extracts 
were subjected to electrophoresis at 50 mAmp for 4 to 6 
hours depending on the buffer system used (see Appendix 4 
for details). Gels were cooled with ice packs for the 
duration of the run. After completion of electrophoresis, 
six 1.5mm-thick horizontal slices from each gel were treated 
with specific enzyme visualization reagents (12,19,24,27) 
(Appendix 5). Up to 30 samples, including one standard 
isolate with known banding patterns, were analyzed on each 
gel slab. All isolates were analyzed at least twice in 
separate gel runs.
Four electrophoretic buffer systems (15) (Appendix 4) 
and 30 enzyme systems were tested initially for resolution 
and consistent appearance. Of these, 15 enzymes that 
produced resolvable banding patterns were selected for 
further analysis (Table 3).
Analysis. The intensity and electrophoretic mobility, or 
distance of migration from the origin, were recorded for all 
bands. Putative enzyme loci and alleles were numbered in 
the order of fastest to slowest migration (Table 4). A 
composite of all locus and allele numbers for each isolate
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or population was tabulated (Table 5), compared and 
electrophoretic phenotypes (EPs) were designated. Thirty 
five EPS that represent all populations of F. oxysporum 
tested are listed in Table 5. These data were used to 
calculate simple matching coefficients (2) between isolates 
according to the equation:
{++) + (--)
sm  ----------------------------------
(++) + (--) + (+-) + (-+)
where Sm = simple matching coefficient; ++ = positive 
matches; —  = negative matches; and (+-) and (-+) = 
mismatches. The coefficients were then used to construct a 
similarity matrix (2) among the 35 EPs which represent 119 
isolates of F_^  oxysporum (Table 6). The matrix was 
subjected to cluster analysis using the unweighted paired- 
group method with arithmetic averaging (UPGMA) (28) in order 
to construct a dendrogram (Figure 2). Principal components 
analysis (PCA) (11) also was employed in an attempt to 
resolve phylogenetic groups (Figure 3). The computer 
program NTSYS-pc (Exeter Publishing Inc.) was used for the 
majority of these analyses.
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Results
Electrophoresis and analysis. Once the optimal gel and 
electrode buffer and pH had been determined for each enzyme 
assayed, electrophoresis and data collection were quite 
straightforward. The majority of enzymes observed had 
multiple putative loci, and were polymorphic with respect 
to alleles at each of these loci (Table 4).
One hundred and twelve isolates of FOL and seven other 
formae spéciales were assigned to 35 electrophoretic 
phenotypes (EP) (Table 7). After examining the similarity 
values and dendrogram, several trends were observed. Forty 
nine and 13 isolates fell into EP 1 and 2, respectively.
This accounts for about 50% of all isolates assayed. In 
that many EPs contained more than one race of FOL as well as 
other formae spéciales, no clustering of isolates by races 1 
and 2 was observed (Table 7). However, five of the six race 
3 isolates occurred in EPl. The only other race 3 isolate, 
FDA-3 from Florida, fell into EP15. Clustering of isolates 
by VCG did occur to some extent with minor exceptions (EP4 
and 11) (Figures 2 and 3). in the dendrogram, VCG 0030 and 
0032 are clustered together on a major branch of the tree 
while VCG 0031 occurs on a different branch.
Electrophoretic phenotypes 23, 24, and 29 are genetically 
distant from other EPs. The populations assigned to these 
EPS are for the most part single members of their own VCG 
(Tables 1 and 7).
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Principal component analysis offered more information 
regarding the relative position of each isolate with respect 
to all isolates examined (Figure 3). Factors 1 and 2 
account for 35.5 and 23.2% of the variability, respectively. 
It is important to note that the axes had to be greatly 
expanded in order to differentiate each point because the 
isolates were very similar. The following observations can 
be made: 1) The majority of isolates in VCG 0030 are
enclosed in the largest circle; 2) the cluster containing 
VCG 0032 falls entirely within the former; and 3) the 
cluster containing VCG 0031 is shifted slightly away from 
VCG 0030.
Isolate IK-6, race 2 from Israel, was genetically 
distant from all other isolates. It was the only member of 
EP29 and also was the only member of its own VCG (Tables 1 
and 7). In addition, IK-6 was morphologically distinct from 
all other isolates of FOL in that it had a white wild-type 
colony.
Isolates FA-1 and FA-2 (f. sp. radicis-lycopersici), 
and TAM-4 (f. sp. niveum) fell into EPl with 46 isolates of 
FOL, and isolate CSU-1 (f. sp. dianthi) fell into EP2 with 
12 isolates of FOL. In addition, isolates FOA-2 (f. sp. 
asparagi), TAM-3 (f. sp. vasinfectum), and TAM-2 (f. sp. 
cucumerinum) fell into EP24, 33, and 35, respectively. They 
were all single members of their own EPs and they were 
vegetatively incompatible with all isolates of FOL (Tables 1
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and 7). The majority of the remaining EPs contain single 
members, are in their own VCGs, and are scattered within 
other VCG clusters.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
39
Table 3. Enzymes, abbreviations, Enzyme Commission (E.c.) 
numbers, activity, resolution, and buffer systems used in 
this study.
Enzyme
E.C.
Number Activity Resolution Buffer
+
+
+
+
+
Acid phosphatase(ACPH) 3.1.3.2
Aconitase(ACON) 4.2.1.3
Adenoside deaminase(ADA) 3.5.4.4
Alcohol dehydrogenase(ADH) 1.1.1.1 
Adenylate kinase(AK) 2.7.4.3
Aldolase(ALD) 4.1.2.13
Alkaline phosphatase(APH) 3.1.3.1
Aspartate amino
transferase(AAT) 2.6.1.1
Catalase(CAT) 1.11.1.6
Diaphorase(DIA) 1.6.4.3
Esterase(EST) 3.1.1.1
Fumarase(FUM) 4.2.1.2
Glucose dehydrogenase(GLDH)1.1.1.47 
Glucose-6-phosphate
dehydrogenase(G6PDH) 1.1.1.49
Glucose phosphate
isomerase(GPI) 5.3.1.9
Glutamate dehydrogenase
(GMDH) 1.4.1.3
Glycerate dehydrogenase
(G2D) 1.1.1.29
-Glycerophosphate
dehydrogenase( GPD) 1.1.1.8
Guanine deaminase(GDA) 3.5.4.3
Hexokinase(HEX) 2.7.1.1 +
-Hydroxybutyrate
dehydrogenase(HBDH) 1.1.1.30
Isocitrate dehydrogenase
(IDH) 1.1.1.42 +
Lactate dehydrogenase(LDH) 1.1.1.27 +
Leucine aminopeptidase(LAP)3.4.11.1 
Malate dehydrogenase(MDH) 1.1.1.37 +
Malic enzyme(ME) 1.1.1.40 +
Mannose phosphate
isomerase(MPI) 5.3.1.8 +
Nitrate reductase(NR) ?
Nucleoside phosphorylase
(NP) 2.4.2.1
Phosphoglucomutase(PGM) 2.7.5.1 +
6-Phosphoglucose
dehydrogenase(6PGD) 1.1.1.42 +
Sorbitol dehydrogenase(SDH)1.1.1.14
Good
Good
Poor
Good
Fair
Good
Good
Fair
Good
Good
Good
Good
Fair
Good
Good
D
C
c
c
A
C
C
A
A
A
C
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Table 3. (Cont.) Enzymes, abbreviations, Enzyme Commission
(E.C.) numbers, activity, 
used in this study.
resolution, and buffer systems
Enzyme
E.C.
Number Activity Resolution Buffer
Superoxide dismutase(SOD) 1.15.1.1 + Good A 
Xanthine dehydrogenase(XDH)1.2.1.37 + Poor B
b u f f e r s  systems used are from Leung and Willians (15) (See 
Appendix 4). A=amine-citrate,pH6.1; B=Tris-borate-EDTA,pH 
8.0; C=Tris-citrate/lithium-borate,pH8.5; and D=Tris- 
citrate,pH6.3.
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Table 4. Allele distribution for 30 putative enzyme loci in
119 isolates of Fusarium oxysporum f.sp. lycopersicl.
Allele number
Locus^ 1 2 3 4 5
Me -1 3.3(l)b 1.5(1) 1.0(117)
Me- 2 1.1(1) 0.7(118)
Me-3 0.4(118)
Me-4 0.1(1)
Sod-1 2.0(119)
Sod-2 1.5(118) 0.5(1)
Mdh-1 1.5(1) 1.2(118)
Mdh-2 1.1(1) 0.8(118)
Mdh-3 0.5(118)
Mdh-4 3.3(1)
Mdh-5 0.1(1)
Pgm-1 2.4(85) 2.1(4) 2.0(27) 1.9(2) 1.8(1)
Pgm-2 3.0(1) 0.8(117)
Gpi 2.6(119)
Aat-1 3.0(1) 2.1(118)
Aat-2 1.5(4)
Aat-3 0.1(28)
G6pdh 0.9(119)
Est-1 2.0(22) 1.9(3) 1.8(4) 1.6(89)
Est-2 1.3(88) 0.9(2) 0.8(22)
Est-3 0.5(1) 0.1(118)
Est-4 2.8(22)
Idh 0.8(119)
Aeon 1.1(119)
Ldh-1 1.9(1) 1.5(1) 1.1(2) 0.8(114) 0.6(1)
Ldh-2 1.1(1) 0.8(1) 0.6(33) 0.4(1)
Hex 1.7(112) 1.4(3) 1.3(4)
Mpi 2.5(118) 2.4(1)
Fum 1.1(1) 0.8(3) 0.7(115)
Pgd 1.4(1) 1.3(118)
^Abbreviations for enzyme loci according to Richardson et
^al. (24) •
Distance from origin (cm) (number of isolates)
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Table 5. Electrophoretic phenotypes (EP) (designated 
numerically) observed in 119 isolates of Fusarium oxysporum.
Locus a
Electrophoretic phenotype
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Me-1 3^ 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
Me-2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Me-3 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1
Me-4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sod-1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Sod-2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Mdh-1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Mdh-2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Mdh-3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Mdh-4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mdh-5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Pgm-1 1 1 1 1 1 1 1 3 3 3 3 3 3 2 4 3 1 1
Pgm-2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 0 2 2 2
Gpi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Aat-1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Aat-2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Aat-3 0 0 1 1 1 1 1 0 0 0 1 1 1 0 1 1 1 0
GSpdh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Est-1 4 4 4 1 4 4 4 4 1 1 4 1 1 4 1 4 4 4
Est-2 1 1 1 3 1 1 1 1 3 3 1 3 3 1 3 1 1 1
Est-3 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Est-4 0 0 0 1 0 0 0 0 1 1 0 1 1 0 1 0 0 0
Idh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Aeon 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ldh-1 4 4 4 4 4 4 4 4 3 4 4 1 4 4 4 4 5 4
Ldh-2 0 3 3 3 0 3 0 0 0 0 0 2 0 0 3 3 0 4
Hex 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1
Mpi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Fum 3 3 3 3 3 2 2 3 3 3 3 3 3 3 3 3 3 3
pgd 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
^Abbreviations for enzyme loci according to Richardson et
.al. (24). 
Numerical designation of alleles from Table 4., 0 = ]No bands
were detected.
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Locus'
Electrophoretic phenotype
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Me-1 3 3 3 3 1 3 3 3 3 3 2 3 3 3 3 3 3
Me-2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2
Me-3 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
Me-4 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Sod-1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Sod-2 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1
Mdh-1 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2
Mdh-2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2
Mdh-3 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
Mdh-4 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Mdh-5 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Pgm-1 3 3 3 3 5 3 2 1 2 3 4 3 3 1 1 1 1
Pgm-2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2
Gpi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Aat-1 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2
Aat-2 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Aat-3 1 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0
G6pdh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Est-1 1 1 1 1 2 2 1 4 3 3 3 1 1 1 5 2 4
Est-2 3 3 3 3 0 0 3 1 0 0 2 3 3 3 0 0 2
Est-3 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2
Est-4 1 1 1 1 0 0 1 0 0 0 0 1 1 1 0 0 0
Idh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Aeon 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ldh-1 4 4 4 4 4 2 4 4 4 4 4 4 4 4 4 4 4
Ldh-2 3 0 0 3 0 1 3 3 0 0 0 3 3 3 0 0 0
Hex 3 2 3 3 1 1 1 1 1 1 2 1 1 1 1 1 1
Mpi 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1
Fum 3 3 3 3 3 1 3 3 3 3 2 3 3 3 3 3 3
Pgd 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2
Abbreviations for enzyme loci according to Richardson et 
.al. (24).
Numerical designation of alleles from Table 4. 0 = No bands 
were detected.
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Table 7. Distribution of Isolates of Pusariun oxysporua f, sp, lycopersicl by vegetative 
coapatlblllty group and race within each electrophoretic phenotype.
VCG 0030 VCG 0031 VCG 0032 Other VCGs Other Total
_ _ _ _ _ _ _      f.spp, nuaber of
Isolates
Phenotype 2 3 1 2 3 1 2 3 1 2 3
1 10
2 6
3 4
4 1
5 3
6 1
7 1
e
9
10
11
12
13
14
15
16
17
10
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
RL,N
D
Total 26 20' 5 1 7 0 1 3 0 30 10 1 7 119
Vegetative coapatlblllty groups are nuabered according to Fuhalla (23),b,Race of strains deteralned with the appropriate toaato differential cultlvars, 'Walter' 
resistant to races 1 and 2, 'Supersonic' resistant to race 1, 'fantastic' no resistance. 
Nuaber of Isolates.
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Figure 2. A dendrogram generated by unweighted paired-group 
method with arithmetic averaging (UPGMA) cluster analysis 
of simple matching coefficients of similarity using 
the 35 electrophoretic phenotypes (EP) that represent 119 
isolates of Fusarium oxysporum. VCG = vegetative 
compatibility group; other f. sp. - RL = radicis- 
lycopersici; N = niveum; D = dianthi; C = cucumerinum; V = 
vasinfectum; A = asparagi.
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Figure 3. Plot of the 35 electrophoretic phenotypes (EP) on 
the first two principal axes. Factor 1 and 2 account for 
35.5 and 23.2% of the variability, respectively. The 
numbers 30 and 15 indicate 30 and 15 members of VCG 0030 and 
single member VCGs, respectively, that were assigned to EPl. 
Numbers in parentheses indicate coordinates of isolates that 
were off scale. The position of the circles were determined 
visually.
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Discussion
Isozyme variation Is caused primarily by variation in 
the amino acid sequence of the protein molecule, which in 
turn is dependent upon the sequence of nucleotides in the 
nuclear and mitochondrial DNA. In that isozymes coded by 
different alleles or gene loci frequently possess different 
electrophoretic mobilities, it is possible to visualize and 
quantify their presence. There are published protocols for 
visualization of over 100 enzymes (12). Thus, by examining 
the presence of isozymes of a significant number of 
genetically conserved enzymes, it is possible to 
quantitatively assess genetic diversity within and among 
populations.
In the 1960's and 1970's several mathematically 
oriented biologists (20,28) developed analysis techniques 
appropriate for isozyme data. Because the majority of 
animal and plant populations under investigation are 
diploid, sexually reproducing species, several of the 
assumptions which must be met are not applicable when 
dealing with haploid, asexual organisms such as Fusarium 
spp. Multiple bands for a single enzyme within one 
individual may be caused by multiple alleles or loci, or . 
post-translational modification. It is only through sexual 
crosses between individuals of known genotype that the true 
identity of each band can be decifered. Inasmuch as this 
cannot be accomplished with Fusarium spp., the only
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alternative is to treat all putative loci and alleles as 
phenotypic characters or variables. It is then possible to 
use the simple matching coefficient of similarity to 
quantitatively assess genetic diversity within and among 
populations, i.e. VCGs and races, of oxysporum.
There are several possible scenarios to explain the 
distribution of isolates of FOL by VCGs and races within EPs 
and the order of evolutionary events responsible for this 
distribution. It is possible that pathogenicity genes are 
very old and evolutionary events have occurred resulting in 
distribution of races among many VCGs and EPs. However, 
there is rather strong support for the independent evolution 
of race 3. In the dendrogram it occurs only in two 
electrophoretic phenotypes (EPl and EP15) that are widely 
separated and, thus, do not share a recent common ancestor. 
In contrast, races 1 and 2 are found scattered around the 
dendrogram with no particular pattern to their distribution. 
Because race 1 is found in all parts of the dendrogram, even 
in the most genetically distinctive isolates (EPs 23 and 29) 
it is most likely to have existed for the longest time.
Race 2 probably developed subsequent to the branching off of 
these EPS. If we suppose that race 1 alone was the 
ancestral progenitor, it follows that races 2 and 3 to a 
lesser extent, are younger and have arisen multiple times in 
several VCGs. The ability to overcome resistance in the 
host can be detected easily, however, the precise genetic
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mechanism by which virulent isolates accomplish this may be 
quite different. Furthermore, these results suggest that 
there is rapid evolution occuring within F. oxysporum in the 
absence of electrophoreticly measurable change (diversity). 
Isolates may be in different VCGs, races, and formae 
spéciales but are electrophoretically identical. The host 
plant probably exerts much pressure on that portion of the 
fungal genome responsible for pathogenic fitness and F . 
oxysporum may respond quickly to survive.
The clustering of VCGs provides persuasive evidence 
that the parasexual cycle in FOL, which has been 
demonstrated vitro (16), is operative in nature. In 
addition, the apparent genetic homogeneity of isolates 
within EPl, isolates of diverse race and geographic origin, 
suggest that a large portion of FOL arose from a common 
progenitor that subsequently became widely distributed. In 
view of this genetic uniformity, it seems unlikely that the 
progenitor was saprophytic. Rather, it might have been 
associated with undomesticated plant species that are 
closely related to tomato. There are numerous weed species 
that are members of the Solanaceae (9) with a worldwide 
distribution. This hypothesis could be tested by conducting 
VCG and isozyme analyses of isolates of ^  oxysporum 
obtained from such weed species as well as Lycopersicon 
species in the center of origin of tomato.
As discussed previously, vegetative incompatibility may
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be attributed to single allele differences in the few loci 
responsible for vegetative compatibility. The remainder of 
the genome should be quite similar to the parent VCG if 
there has been relatively little genetic drift. This 
appears to be the case as most of the single member VCGs are 
randomly distributed around and within the primary VCG 
cluster. The one obvious exception is isolate lK-6. This 
isolate is vegetatively incompatible with all other isolates 
and is further removed from the bulk of the population of 
FOL than other formae spéciales. The population that lK-6 
represents should be closely monitored as it may be a source 
of pathogenic diversity that may not be found in other 
strains.
It is thought that f. spp. of oxysporum undergo not 
only a parasitic life cycle in association with specific 
host plants but also a saprophytic cycle in the soil (4). A 
successful saprophyte must possess a diverse array of 
metabolic enzymes in order to utilize numerous substrates 
under a wide range of soil conditions such as pH, chemical 
composition, temperature, microbial antagonists, etc. If 
this were the case, quite different selection pressures over 
many generations would be expected to have a major effect 
causing an increase in genetic diversity both within an 
inbreeding population (VCG) and among genetically isolated 
populations or VCGs. Yet, the entire collection of 112 
isolates of FOL was closely clustered by PCA. In view of
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
54
the fact that isolates in the collection came from sites 
with diverse climatic and edaphic conditions, it is 
concluded that the host plant exerts the primary selection 
pressure and FOL does not undergo a significant saprophytic 
life cycle. This conclusion is particularly significant as 
it relates to strategies for biological control. For 
example, Alabouvette and his coworkers (1) have proposed 
that nonpathogenic strains of F\ oxysporum compete 
saprophytically in the soil with pathogenic formae for 
limiting substrates as opposed to parasitic competition 
within the host (26).
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Chapter III. VEGETATIVE COMPATIBILITY GROUPS (HETEROKARYONS) 
^  NONPATHOGENIC POPULATIONS OF FUSARIUM OXYSPORUM ISOLATED 
FROM SYMPTOMLESS TOMATO ROOTS
Introduction
Fusarium oxysporum is ubiquitous in both natural and 
agricultural soils and has been shown to constitute as much 
as 80 to 90% of the total fungal microflora in the 
rhizosphere of several agricultural crops (13). Included in 
this group are the vascular wilt pathogens that attack a 
wide range of agronomically and horticulturally important 
crops worldwide (4,5). However, the majority of strains of 
F. oxysporum from soil do not cause disease on any host and 
have been referred to as saprophytes (23), avirulent formae 
spéciales (8) and nonpathogens (21). They are able to 
colonize the root cortex of nonsusceptible hosts. These 
strains will be referred to as nonpathogens in this paper.
Pathogenic and nonpathogenic strains of F. oxysporum 
are morphologically indistinguishable. Pathogenic strains 
can be differentiated to formae spéciales and race by 
pathogenicity tests with the appropriate host differential 
cultivars. in contrast, nonpathogenic strains can be 
identified only as such. Recently, Alabouvette et al. (1), 
and Schneider (21) offered quantitative evidence to show 
that nonpathogenic strains of F. oxysporum are able to 
colonize and compete for the same ecological niche as 
pathogenic strains of F. oxysporum. Furthermore, Schneider
58
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(21) and others (9,15) were able to identify specific 
nonpathogenic strains of F. oxysporum that either reduced, 
increased, or had no effect on disease incidence or 
severity, in addition, Schneider (21) demonstrated that 
those nonpathogenic strains that competitively reduce 
infection and disease severity can be used as effective 
biological control agents.
Very little is known about the genetic attributes 
required for successful competition, the influence of the 
host on nonpathogenic populations of F. oxysporum, or the 
ecological and genetic diversity of these nonpathogenic 
competitors in soil. Inasmuch as pathogenic strains of F. 
oxysporum display many differences in virulence and host 
specificity (3), we would expect at least as much 
variability within the nonpathogenic population. In order 
to study this variability, it would be useful to have a 
genetic marker that is stable, passed on with few 
alterations through asexual, parasexual recombination, and 
already present in natural populations of F. oxysporum.
Such a marker would allow us to assess the relatedness or 
genetic diversity within existing populations of F. 
oxysporum. information derived from a comprehensive survey 
based on this marker would then be useful in identifying and 
characterizing strains within nonpathogenic populations of 
F. oxysporum.
Vegetative compatibility (heterokaryosis), the genetic
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bases of which has been well studied in several ascomycetous 
fungi (2,18,20), could serve as a stable genetic marker. 
Previous investigations (6,19,20), which have provided a 
foundation for the use of vegetative compatibility analysis 
for pathogenic populations of F. oxysporum are discussed in 
detail in Chapter 1. In addition, Puhalla's introduction of 
nit mutants and supposition of an evolutionary model (19), 
as well as refinement of the system by Correll et al. (6), 
also are discussed in detail in Chapter 1.
In 1986 Correll et al. (7) expanded this model to 
include nonpathogenic populations of F. oxysporum. It 
follows that these populations also became genetically 
isolated inbreeding populations with fixed combinations of 
genes which might control such characteristic as fitness, 
saprophytic versus parasitic habit, competitive ability, or 
even host specificity.
Correll et al. (7) utilized nit mutants for a VCG 
analysis of the nonpathogenic root-colonizing strains of F. 
oxysporum from symptomless celery roots. Based on the 
results from 110 isolates, they suggested that some VCGs may 
be much more common than others and that vegetative 
compatibility may be a way to identify and characterize 
nonpathogenic strains of F. oxysporum.
The objective of this study was to utilize nit mutant 
VCG analysis to gain a better understanding of the genetic 
diversity within nonpathogenic populations of F. oxysporum
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that colonize the cortical .tls.sue of symptomless tomato 
roots. This information will be used In further studies to 
assess the relationship between VCG end competitive ability 
against pathogenic formae spéciales of _F. oxysporum. A 
preliminary report has been published :(1'.0}).
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Materials and Methods
Fungal strain. Four hundred and seventy one isolates of F. 
oxysporum were collected from symptomless tomato plants from 
various disease-free tomato fields located within Louisiana 
(Figure 4). Segments of roots were surface-sterilized by 
dipping in 0.21% sodium hypochlorite (4% Clorox) for 4 
minutes. The root tissue was plated on Komada's medium (11) 
and incubated for 5-10 days at room temperature. Many 
different types of colonies of Fusarium grew out of the root 
tissue, and representative colonies of each type were 
selected from each plate, single-spored, and stored on 
silica gel at 4 C (17). Each isolate was transferred to 
carnation leaf agar (CLA) (14) for species verification.
Only isolates of F. oxysporum were kept for further studies. 
Pathogenicity and heterokaryon tests. To confirm that all 
isolates were nonpathogenic to tomato, greenhouse 
pathogenicity tests were performed as described in Chapter 
1 using differential tomato cultivars to identify races of 
FO L . Nitrogen metabolism (ni t ) mutants were selected and 
paired as described in Chapter 1.
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Figure 4. Location of fields sampled in Louisiana.
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Results
Pathogenicity and heterokaryon tests. None of the putative 
nonpathogenic strains of F. oxysporum caused disease 
symptoms that would be expected from a virulent isolate of 
F O L . Therefore, all isolates were assumed to be members of 
the nonpathogenic population of F. oxysporum.
One to 32 nit mutants were obtained from each isolate 
of F. oxysporum. Although sectoring frequency per isolate 
was not recorded, there were great differences in both the 
number and phenotype ratio of nit mutants recovered. 
Sectoring frequency in F. moniliforme on chlorate has been 
shown to be heritable and to vary with the isolate (6).
Although 471 isolates of F. oxysporum were originally 
collected, only those isolates that produced nit mutants 
(317 isolates) could be included in the VCG analysis (Table 
8). One hundred and eighty six isolates were assigned to 48 
VCGs (VCG 2015-2062) (Table 9) containing two to 15 members 
from one to three different collection sites. Table 8 also 
indicates the sites from which members of particular common 
VCGs were isolated. For example, within the group of 
isolates collected from site 1, 29 were members of multiple 
member VCGs which also contained members from sites 2, 4, 5, 
and 6. Even though each site contained subpopulations of F. 
oxysporum common to other sites throughout Louisiana (Table 
10), only about half of the VCGs (21 VCGs) contained strains 
from more than one site (Table 9). In addition, there were
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131 isolates of F. oxysporum which were single members of 
their own VCGs (Table 9). Isolates within a VCG were not 
vegetatively compatible with isolates from other VCGs or 
pathogenic strains of F. oxysporum f. sp. lycopersici. In 
addition, no self-incompatibility was observed between 
complementary nit mutants recovered from a single isolate of 
F. oxysporum.
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Table 8 . Vegetative compatibility within nonpathogenic 
strains of Fusarium oxysporum isolated from symptomless 
tomato roots.
Location^
Number of 
isolates paired 
(collected)
Number of 
isolates 
in VCGS
Sites with 
common VCG 
members
1 53(57) 29 1 ,2 ,4,5,6
2 59(66) 40 1 ,2 ,4,8
3 53(59) 37 3,4,5,6 ,7
4 50(70) 32 1 ,2 ,3,4,5,7,8
5 63(124) 29 1,3,4,5,6 ,7,8
6 23(51) 12 1,3,5,6
7 9(30) 4 3,4,5,7
8 7(14) 3 2 ,4,5,8
Total 317(471) 186
(in 48 VCGs)
Collection site l=Oak Grove, West Carroll Parish, LA; 
2=Chase, Franklin Parish, LA; 3=Shreveport, Caddo Parish, 
LA; 4=Calhoun, Ouachita Parish, LA; 5=Citrus Station, 
Plaquemines Parish, LA; 6=Ranatza Farm, Plaquemines Parish, 
LA; 7=seibert Farm, St. Bernard Parish, LA; 8=Burden Farm, 
East Baton Rouge Parish, LA.
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Table 9. Vegetative compatibility groups (VCGs) within the 
nonpathogenic population of Fusarium oxysporum isolated from 
symptomless tomato roots.
VCG®
Number of 
isolates Place of origin
2015 3 2,4,8
2016 2 2
2017 3 1,2,4
2018 6 2
2019 2 2
2020 6 2,4
2021 2 2
2025 3 2
2026 3 2
2027 2 2
2028 11 2,4
2029 3 2
2030 3 3
2031 6 3,6
2032 4 3,7
2033 4 3
2034 8 3
2035 12 3,4,5
2036 3 3
2037 3 3
2038 7 1,4,5
2039 2 1,5
2040 4 1
2041 3 1,6
2042 2 1
2043 3 1,4
2044 2 1
2045 3 1
2046 2 1
2047 3 1,5
2048 2 1
2049 2 5,6
2050 15 4,5,7
2051 2 5
2052 2 1,5
2053 2 5,7
2054 4 5,
2055 2 5,8
2056 2 6
2057 4 6
2058 2 6
2059 2 4,5
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Table 9. (Cent.) Vegetative compatibility groups (VCGs) 
within the nonpathogenic population of Fusarium oxysporum 
isolated from symptomless tomato roots.
Number of b
VCG^ isolates Place of origin
2060 2 4
2061 11 1,4
2062 2 4
Subtotal 186
20-- 24 1
19 2
16 3
18 4
34 5
11 6
5 7
4 8
Subtotal 131
Total 317
^Vegetative compatibility group numbers according to 
Puhalla (19). VCG 20—  is an artificial group containing 
.isolates that are single members of their own VCG. 
collection site l=Oak Grove, West Carroll Parish, LA; 
2=Chase, Franklin Parish, LA; 3=Shreveport, Caddo Parish, 
LA; 4=Calhoun, Ouachita Parish, LA; 5=Citrus Station, 
Plaquemines Parish, LA; 6=Ranatza Farm, Plaquemines Parish, 
LA; 7=Seibert Farm, St. Bernard Parish, LA; 8=Burden Farm, 
East Baton Rouge Parish, LA.
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Table 10. Distribution of vegetative compatibility groups 
among collection sites.
Location^
Number of 
isolates
Number of 
VCGs
VCGs present at , 
the indicated site
1 29 14 17,38,39,40,41,42,43,44,
45,46,47,48,52,61
2 40 15 15,16,17,18,19,20,21,22,
23,24,25,26,27,28,29
3 37 8 30,31,32,33,34,35,36,37,
4 32 13 15,17,20,22,28,35,38,43,
50,59,60,61,62
5 29 12 35,38,39,47,49,50,51,52,
53,54,55,59
6 12 6 31,41,49,56,57,58
7 4 3 32,50,53
8 3 3 15,23,55
Collection site l=Oak Grove, West Carroll Parish, LA; 
2=Chase, Franklin Parish, LA; 3=Shreveport, Caddo Parish, 
LA; 4=Calhoun, Ouachita Parish, LA; 5=Citrus Station, 
Plaquemines Parish, LA; 6=Ranatza Farm, Plaquemines Parish, 
LA; 7=Seibert Farm, St. Bernard Parish, LA; 8=Burden Farm, 
.East Baton Rouge Parish, LA.
Vegetative compatibility group numbers according to Puhalla 
(19). The standard prefix, 20, has been omitted from the 
VCG designation for conciseness.
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Discussion
Several investigators (1,9,15,21) have shown that a 
specific portion of the nonpathogenic population of F. 
oxysporum in the soil can effectively compete with the 
pathogenic population of F. oxysporum for the same 
ecological niche, and, in so doing, reduce infection and 
disease severity. However, before nonpathogenic strains of 
F. oxysporum can be utilized as biological control agents in 
an efficacious and safe manner, many questions need to be 
answered. How much genetic diversity exists within the 
population? How prevelant are disease-reducing and 
-predisposing strains of F. oxysporum? What is the 
influence of the host on the nonpathogenic population? Is
the nonpathogenic population genetically isolated 
(vegetatively incompatible) from pathogenic formae or is 
genetic recombination possible? Several attempts have been 
made to answer these question.
In 1984 Schneider (21) demonstrated that competitive 
nonpathogenic strains of F. oxysporum that reduced infection 
and disease severity were common and frequently isolated 
from symptomless celery roots. In addition, he showed that 
nonpathogenic strains that reduced or predisposed the host 
to infection were not randomly distributed within 
populations from different sites. Rather, populations from 
disease conducive sites were composed of predominantly 
predisposing strains, while the opposite was the case in
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disease suppressive sites. This was the first demonstration 
that the nonpathogenic, root-infecting population of F. 
oxysporum could not be ignored in that it is a major 
determinant of disease development. Schneider (21) proposed 
that management of the nonpathogenic population of F. 
oxysporum, by specific crop rotations, amendments, or 
inoculation, could lead to disease suppressive soils. At 
that time, there was no way to differentiate within the 
nonpathogenic population other than competitive infection 
tests which are labor intensive and time consuming. Thus, 
the large scale intensive samplings that are requisite for 
ecological studies could not be attempted.
Several other investigators (9,15) showed that other 
incompatible formae spéciales also can reduce disease caused 
by the compatible forma specialis, a phenomenon known as 
"cross protection". However, the use of other formae 
spéciales may limit future cropping options and these 
strains may not be competitively fit. Therefore, the use of 
competitive nonpathogenic strains of F. oxysporum would be 
the control method of choice.
In 1986 Correll et al. (7) collected 110 nonpathogenic 
isolates of F. oxysporum from symptomless celery roots, 
selected nit mutants, and assigned isolates to VCGs. They 
found a relatively small number of VCGs (14 VCGs) even 
though few isolates (four to 21 isolates) were collected 
from 10 sites that encompassed all of the celery growing
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regions of California. In addition, nonpathogenic isolates 
of F. oxysporum were not vegetatively compatible with 
pathogenic isolates of F. oxysporum f . sp. apii race 2. In 
that all race 2-resistant celery lines were originally 
derived from a single resistant celery line (16), it is 
possible that similar selection pressures have been exerted 
on the nonpathogenic population of F. oxysporum in celery 
fields throughout California resulting in a fairly 
homogeneous population. In addition, celery has a 
relatively long growing season and is usually grown as a 
monoculture crop with no rotation. These factors may 
account for the recovery of few VCGs and what appears to be 
a nonrandom distribution of isolates as suggested by 
Schneider (21) and confirmed by Correll et al. (7).
In sharp contrast, in this study of 317 nonpathogenic 
isolates of F. oxysporum from symptomless tomato roots, 186 
isolates fell into 48 VCGs (Table 8 ). One hundred and 
thirty one isolates were found to be single members of their 
own VCGs. In addition, only 21 VCGs (Table 9) contained 
members from more than one collection site. Thus, the 
composition of the nonpathogenic population of F. oxysporum 
isolated from symptomless tomato roots is much more diverse 
than that observed by Correll et al. (7) in celery.
There are several factors that could be responsible for 
the observed differences. During the past 60 years much 
breeding has been done with tomatoes to incorporate
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resistance genes from different sources (12,22). Inasmuch 
as the genome of each tomato cultivar is different, and new 
cultivars are continually introduced, the selection 
pressures imposed on the nonpathogenic population of F. 
oxysporum are quite variable. In addition, the growing 
season is rather long in Louisiana and several tomato 
cultivars with different genes for resistance may be grown 
in the same field in a single year. Furthermore, other 
vegetable crops may be alternated with the tomato crops. 
Thus, the selection pressures that influence the composition 
of the nonpathogenic population are always changing.
Our results suggest that the nonpathogenic population 
of F. oxysporum contains numerous homogeneous subpopulations 
that are widely distributed. It is possible that specific 
subpopulations may be responsible for either suppressing 
(suppressive soils) or predisposing the host to infection.
It is evident that the nonpathogenic populations of F. 
oxysporum form an intimate association with the host (1 ,2 1 ). 
This role needs to be elucidated so that we can learn to 
exploit these strains in disease control.
Vegetative compatibility (heterokaryosis) followed by 
parasexual recombination is the only known means by which F. 
oxysporum can exchange genetic material, in this report and 
that by Correll et al. (7) no vegetative compatibility was 
observed between pathogenic and nonpathogenic isolates of F. 
oxysporum. However, if nonpathogenic, parasitic populations
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were able to form heterokaryons with the pathogenic formae, 
then the potential for genetic variability of the form 
species would be greatly increased. Furthermore, existence 
of common VCGs could be exploited if one wished to introduce 
desirable genes into the nonpathogenic population.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
76
Literature cited
1. Alabouvette, C., Y. Couteadier, and J. Louvet. 1984. 
Studies on disease suppressiveness of soils. X. 
Comparison of the fungal microflora colonizing the 
roots of muskmelons growing in a wilt-suppressive and a 
wilt-conducive soil. Agronomie(Paris). 4(8):135-140.
2. Anagnostakis, S. L. 1982. Genetic analyses of Endothia 
parasitica: Linkage data for four single genes and 
three vegetative compatibility types. Genetics 102:25- 
28.
3. Armstrong, G. M . , and J. K.  Armstrong. 1981. Formae 
spéciales and races of Fusarium oxysporum causing wilt 
diseases. Pages 391-399 in: Fusarium: Diseases,
Biology, and Taxonomy. P. E. Nelson, T. A. Toussoun, 
and R. J. Cook, eds. Pennsylvania State University 
Press, University Park. 457 pp.
4. Booth, C. 1971. The Genus Fusarium. Commonwealth 
Mycological Institute, Kew, Surrey, England.
5. Burgess, L. W. 1981. General ecology of the Fusaria. 
Pages 225-235 in: Fusarium: Diseases, Biology and
Taxonomy. P. E. Nelson, T. A. Toussoun, and R. J. Cook, 
eds. The Pennsylvania State University Press,
University Park. 457 pp.
6 . Correll, J. C . , C. J. R. Klittich, and J. F. Leslie. 
1987. Nitrate nonutilizing mutants of Fusarium 
oxysporum and their use in vegetative compatibility 
tests. Phytopathology 77:1640-1646.
7. Correll, J. C . , J. E. Puhalla, and R. W. Schneider.
1986. Vegatative compatibility groups among 
nonpathogenic root-colonizing strains of Fusarium 
oxysporum. can. J. Bot. 64:2358-2361.
8 . Damicone, J. P., and W. J. Manning. 1982. Avirulent 
strains of Fusarium oxysporum protect asparagus 
seedlings from crown rot. Can. J. Plant Pathol. 4:143- 
146.
9. Davis, D. 1967. Cross-protection in fusarium wilt 
diseases. Phytopathology 57:311-314.
10. Elias, K. S. and R. W. Schneider. 1987. Origin and 
relatedness of races within Fusarium oxysporum f. sp. 
lycopersici and nonpathogenic strains of IF. oxysporum. 
(Abstr.) Phytopathology 77:1710.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
77
11. Komada, H, 1975. Development of a selective medium for 
quantitative isolation of Fusarium oxysporum from 
natural soil. Rev. Plant Protection Res. 8:114-124.
12. McGrath, D. J . , D. Gillespie, and L. Vawdrey. 1987. 
Inheritance of resistance to Fusarium oxysporum f. sp. 
lycopersici races 2 and 3 in Lycopersicon pennellii. 
Aust. J. Agric. Res. 38:729-33.
13. Meyer, J. A. 1967. Recherches sur les Fusariose. II. 
Ecologie et pathogenie du Fusarium oxysporum. Ann 
Epiphyt. 18:241-247
14. Nelson, P. E., T. A. Toussoun, and W. F. 0. Marasas. 
1983. Fusarium Species: An Illustrated Manual of
Identification. Pennsylvania State University Press, 
University Park. 193 pp.
15. Ogawa, K . , and H. Komada. 1984. Biological control of 
Fusarium wilt of sweet potato by non-pathogenic 
Fusarium oxysporum. Ann. Phytopathol. Soc. Jpn. 50:1-9.
16. Orton, T. J., M. E. Durgan, and S. D. Hulbert. 1984. 
Studies on the inheritance of resistance to Fusarium 
oxysporum f. sp. apii in celery. Plant Disease 68:574- 
578.
17. Perkins, D. D. 1962. Preservation of Neurospora stock 
cultures with anhydrous silica gel. Can. J. Microbiol. 
8:591-594.
18. Perkins, D. D . , A. Radford, D. newmeyer, and M. 
Bjorkman. 1982. Chromosomal loci of Neurospora crassa. 
Microbiol. Rev. 46:426-570.
19. Puhalla, J. E. 1985. Classification of strains of 
Fusarium oxysporum on the basis of vegetative 
compatibility. Can. J. Bot. 63:179-183.
20. Puhalla, J. E ., and P. T. Spieth. 1983. Heterokaryosis 
in Fusarium moniliforme. Exp. Mycol. 7:328-335.
21. Schneider, R. W. 1984. Effects of nonpathogenic strains 
of Fusarium oxysporum on celery root infection by F. 
oxysporum f.sp. apii and a novel use of the Lineweaver- 
Burk double reciprocal plot technique. Phytopathology 
74:646-653.
22. Stall, R. É . and J. M. Walter. 1965. Selection and 
inheritance of resistance in tomato to isolates of 
races 1 and 2 of the Fusarium wilt organism. 
Phytopathology 55:1213-1215.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
78
23. Toussoun, T. A. 1975. Fusarium-suppressive soils. Pages 
145-151 in: Biology and Control of Soil-Borne Plant 
Pathogens. G. w. Bruehl, ed. American Phytopathological 
Society, St. Paul, MN. 216 pp.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Appendix 1. Czapek's Solution
(Tuite,1969)
To 1 liter of glass distilled water add:
NaNOg 2.0 gm
KgHPOg 1.0 gm
Mgso^-VHgO 0.5 gm
KCl 0.5 gm
FeSOg-VHgO 10.0 mg (1 ml stock solution)*
Sucrose 30.0 gm
*Stock solution is made by adding 1 gm to 100 ml water. 
This is equal to .01 gm/ml or 10 mg/ml.
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Appendix 2. Minimal Medium (MM) (Puhalla,1985)
To 1 liter of glass distilled water add:
Sucrose 30.0 gm
NaNOg* 2.0 gm
KHgPO^ 1.0 gm
MgSOg-VHgO 0.5 gm
KCl 0.5 gm
FeSOg-VHgO 0.1 gm
Trace elements solution** 0.2 ml
Bacto agar 20.0 gm
**Trace elements solution 
To 95 ml of distilled water add:
Citric acid 5.0 gm
ZnSOg-VHgO 5.0 gm
Fe(NH^)2 (SO^)2-6H 20 1.0 gm
CuS0 g-5H 20 0.25 gm
MnS0 ^-H20 50.0 mg
HgBO^ 50.0 mg
NaMoO^-2H 20 50.0 mg
*For other nitrogen source media substitute with one of five 
different nitrogen sources:
1. Nitrate medium - MM as described above
2. Nitrite medium - NaN02 0.5 gm/1
3. Hypoxanthine medium - hypoxanthine 0.2 gm/1
4. Ammonium medium - ammonium tartrate 1 gm/1
5. Uric acid medium - uric acid 0.2 gm/1
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Appendix 3. Potato Sucrose Medium (KPS)
(Puhalla,1985)
1. Cook 200 gm sliced potatoes in 1 liter of glass distilled 
water for 15 minutes in autoclave.
2. Strain potatoes from broth with cheesecloth.
3. Bring to 1 liter with glass distilled water and add:
Sucrose 20.0 gm
Bacto agar 20.0 gm
KCIO3 15.0 gm
4. Autoclave for 15 minutes, cool, and pour plates.
.81
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Appendix 4. Buffer Systems
A. Amine-citrate Buffer (pH 6.1)
Electrode buffer: 0.04M citrate (C-0759)
N - (3-amino-propyl)-morpholine (A-9028)
Adjust pH of citrate to 6.1 with morpholine.
Gel buffer: 1:20 Dilution of electrode buffer
Run at SOmAmp for 4 hours.
B. Trls-borate-EDTA Buffer (pH 8.0)
Electrode buffer: 0.18M Tris (T-1503)
O.IM boric acid (B-0252)
0.04M EDTA (ED4S)
Adjust to pH 8.0.
Gel buffer: 1:4 Dilution of electrode buffer
Run at SOmAmp for 4 hours.
c. Trls-citrate/lithiua-borate Buffer
Electrode buffer: 0.06M lithium hydroxide (L-4256)
0.3M boric acid (B-0252)
Adjust to pH 8.1.
Gel buffer: 0.03M Tris (T-1503)
0.005M citrate (C-0759)
1% electrode buffer
Adjust to pH 8.5.
Run at SOmAmp for 6 hours.
D. Trls-citrate Buffer
Electrode buffer: 0.22M Tris (T-1503)
0.094M citrate (C-0759)
Adjust pH to 6.3.
Gel buffer: 0.008M Tris (T-1503)
0.003M citrate (C-0759)
Adjust pH to 6.7.
Run at SOmAmp for 6 hours.
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Appendix 5. Enzyme staining Systems
Aconitase (ACON)
O.IM Tris-HCl (PH8.0) (T-3253) 30 ml
Aconitic Acid Solution {0.086M,pH8.0)(A-3412) 5 ml 
Isocitrate Dehydrogenase (.3units/mg)(1-1877)10 mg 
l.OM MgCl, (lOOmg/ml) 1 ml
NADP (5mg/ml) (N-3886) 1 ml
MTT (5mg/ml) (T-8877) 1 ml
PMS (Img/ml) (p-9625) 1 ml
Incubate 30-60 minutes at 37 C, rinse, and fix.
Use 5:5:1 water:methyl alcohol : glacial acetic acid as fixer,
Aspartate Aminotransferase (AAT/GOT)
O.IM Tris-HCl (PH8.0) 40 ml
stock Solution: 2.5 ml
lOgm Aspartate(A-9006)
5gm aKetoglutyrate(K-1750) 
in 100ml water plus about 25ml 5N NaOH to pH 7.0 
Pyridoxal-5-P0.,dry (P-9255) 5 mg
FastBlue BB Salt (lOOmg/ml)(F-0250) .75 ml
Incubate at room temp 15 minutes prior to adding FB. 
Incubate at 37 C 30-60 minutes, rinse, and fix.
Esterase (EST)
0.2M Monobasic sodium phosphate adjusted 40 ml 
to pH 5.8 with 0.2M dibasic sodium phosphate 
aNaphthyl Acetate 7.5mg (N-7000) 1 ml
(0.15gm/20ml-10mlacetone and 10ml water) 
bNaphthyl Acetate 7.5mg(Same as above)(N-6875)1 ml 
1-propanol 2.5 ml
FastBlue RR salt (50mg/ml) (F-0500) l ml
Incubate for 30-60 minutes at 37 C, rinse, and fix.
Fumarase (FUM)
O.IM Tris-HCl 40 ml
IM Fumaric acid,pH7.0 with NaOH (F-1506) 5 ml
Malate Dehydrogenase MDH (M-7508) 100 units
NAD lOmg (lOmg/ml) (N-7004) 1 ml
MTT (5mg/ml) 1 ml
PMS (Img/ml) 1 ml
Incubate for 30-60 minutes at 37 C, rinse, and fix.
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Glucose-6~Phosphate Dehydrogenase (G6PDH)
O.IM Tris-HCl pH 8.0 40 ml
Glucose-6-Phosphate,dry (G-7250) 100 mg
IM Mgcl- 50mg (lOOmg/ml) 0.5 ml
NADP lOfflg (5mg/ml) 2 ml
MTT 5mg (5mg/ml) 1 ml
PMS 2mg (Img/ml) 2 ml
Incubate for 30-60 minutes at 37 C, rinse, and fix.
Glucose Phosphaté Isomerase (GPI)
O.IM Tris-HCl PH8.0 15 ml
Fructose-6-Phosphate 12mg/ml (F-3627) 1 ml
Glucose-6 -Phosphate Dehydrogenase(G6PDH) 25 units
lOunits/ml (G-8878)
NADP 5mg (5mg/ml) 1 ml
IM MgCl, 50mg (lOOmg/ml) 0.5 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
Incubate 15-30 minutes at 37 C, bands appear quickly. Do not 
overstain. Rinse, and fix.
Hexoklnase (HEX)
O.IM Tris-HCl pH 8.0 40 ml
Glucose 50mg (50mg/ml) 1 ml
IM Mgci„ lOmg (lOOmg/ml) 0.1 ml
G 6PDH 25units (lOunits/ml) 2.5 ml
ATP 12mg (12mg/ml) (A-5394) 1 ml
NADP 5mg (5mg/ml) 1 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
Agar overlay. Add 20ml of molten 2% agar just prior to 
pouring over gel. Incubate 30-60 minutes at 37 C, fix.
Isocitrate Dehydrogenase (IDH)
O.IM Tris-HCl pH 8.0 40 ml
Isocitric Acid, dry (1-1252) 75 mg
NADP lOmg (5mg/ml) 2 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
IM Mgclg lOOmg (lOOmg/ml) 1 ml
Agar overlay. Add 20ml of molten 2% agar just prior to
pouring over gel. Let stand to solidify. Incubate 60 
minutes at 37 C, then room temp over night. Then fix.
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Lactate Dehydrogenase (LDH)
O.IM Tris-HCl pH 8.5 40 ml
IM Lactate(Lactic Acid-L-1500) pH 7.0 5 ml
NAD lOmg (lOmg/ml) (N-7004) 1 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
Incubate for 30-60 minutes at 37 C, rinse, and fix.
Malate Dehydrogenase (MDH)
O.IM Tris-HCl pH 8.0 40 ml
IM Malate(Malic acid) (50mg/ml) (M-0875) 5 ml
NAD ISmg (lOmg/ml) 1.5 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
Incubate 30 minutes at 37 C, rinse, and fix.
Malic Enzyme (ME)
O.IM Tris-HCl pH 8.5 40 ml
IM Malate 50mg (50mg/ml) 1 ml
NADP lOmg (5mg/ml) 2 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
Incubate for 30-60 minutes at 37 C, rinse, and fix.
Mannose Phosphate Isomerase (MPI)
O.IM Tris-HCl pH 8.0 15 ml
Mannose-6-phosphate dry (M-8754) 40 mg
GPI 50units (50units/ml)(P-5381) 1 ml
G 6PDH 25units (lOunits/ml) 2.5 ml
IM Mgcl, lOOmg 1 ml
NADP 5mg (5mg/ml) 1 ml
MTT 5mg (5mg/ml) 1 ml
PMS 2mg (Img/ml) 2 ml
Agar overlay. Add 20ml molten 2% agar just prior to pouring
over gel. Incubate for 30-60 minutes at 37 C, fix.
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15 ml
1 ml
1 ml
2.5 ml
1 ml
1 ml
1 ml
1 ml
Phosphoglucomutase (PGM)
O.IM Tris-HCl pH 8.0
Glucose-l-phosphate(G-l-P)(lOOmg/ml)(G-7000)
Glucose-1,6diphosphate (G-7137)(.2mg/ml)
G6PDH 25units (lOunlts/ml)
IM MgCl- lOOmg 
NADP 5mg (5mg/ml)
MTT 5mg (5mg/ml)
PMS Img (Img/ml)
Agar overlay. Add 20ml molten agar just prior to pouring 
over gel. Incubate for 30-60 minutes at 37 C, fix.
6-PhosphoglucoBe Dehydrogenase (6PGD)
O.IM Tris-HCl pH 8.0 40 ml
6-Phosphogluconate dry (P-6888) 10 mg
IM MgCl_ lOOmg 1 ml
NADP 5mg (5mg/ml) 1 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
Incubate 60 minutes at 37 C, rinse, and fix.
Superoxide Dlsmutase (SOD)
O.IM Tris-HCl pH 8.50 40 ml
MTT 5mg (5mg/ml) 1 ml
PMS Img (Img/ml) 1 ml
Riboflavin Img (Img/ml) 1 ml
Expose to light atleast 5 minutes. Incubate 30-60 minutes 
at 37 C, rinse, and fix. Stains as light bands on a dark 
blue background.
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